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Comprehensive examination of the elastic scattering angular distributions
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The recently measured elastic scattering angular distribution @# *He, 1°C + 27Al, 1°C + %®Ni and '°C + 2°®Pb nuclear systems are
investigated in the current study using various potentials based on phenomenological, semi microscopic as well as microscopic approaches
The implemented potentials are: optical potential, double folding potentials based on both Sao Paulo and CDM3Y6 interactions with and
without taking into account the effect of the rearrangement term, as well as the cluster folding potential. The cluster Hi@uas afcore

of B with a valence proton orbiting this core is applied to generate the cluster folding potentials for the different considered systems. The
concerned experimental data is fairly reproduced with all the aforementioned potentials.
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1. Introduction distributions. The most widely employed effectiN in-
teractions are the so called density independent Michigan 3
For a long time, the study of nuclear potentials of elasticallyYukawa terms (M3Y) and single Yukawa term (S1Y) [7] or
(inelastically) scattered interacting systems has been a hot i#aeir density dependent versions [1,8]. Like the conventional
sue in the field of nuclear physics. Several theoretical studieEM, the cluster folding model (CFM) computes the real OP,
have been carried out to determine nuclear potentials in orddaut with the effective cluster-cluster interaction and the clus-
to examine the nucleon-nucleoNI) interactions, the sen- tered density distributions [9-12]. This treatment might high-
sitivity of different density distribution forms as well as the light the relevance of clusters in nuclei.
structure of interacting nuclei [1-6]. For years, a significant  In this regard, Satchler and coworkers [13,14] in exam-
progress was made in the computational tools used in deteining the mechanism of heavy ion (HI) elastic scattering
mining nuclear potentials. To characterize the elastic scatiighlighted the usefulness of employing density independent
tering of a projectile nucleus from a target nucleus, the pheM3Y and S1YNN interaction potentials in DF calculations.
nomenological optical model (OM) is commonly used. It is A successive analysis by usid§gM potential developed by
recognized by its complex potential form in terms of real andJeukenne, Lejuene, and Mahaux is done by Farid and Hassa-
imaginary volume parts, each of Woods-Saxon (WS) shapeiian [15-17]. Another applicability of DF calculations with
One of the most popular approaches [1] for evaluating thalifferent types ofNN interaction potentials are: density de-
real part of the nucleus (nucleon)-nucleus optical potentiapendent CDM3Y6 [18,19], CDM3Y6-RT proposed by Khoa
(OP) in semi-microscopic interpretation of experimental datg20] which takes into account the effect of rearrangement
is the folding model (FM), which comes in two types: single term (RT), velocity dependent Sao Paulo potential (SPP),
folding (SF) and double folding (DF). Its ingredients, notably and independent Brazilian nuclear potential (BNP) given by
the projectile and target density distributions as well as efChammonet al. [21,22] and presented in Refs. [23-26].
fective NN interaction potential have been thoroughly exam-For ''Li nucleus, Behairyet al. [27] discussed the prefer-
ined for numerous nuclear systems. Theoretical calculationable density distribution forms among cluster-orbital shell
or experimental data can be used to produce these densityodel approximation (COSMA), Semi- phenomenological
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(SP), Hartree—Fock (HF) as well as M. Anwar al. ex- methods. Furunet al. [47], for example published elastic

amined the cluster model (CM) density B [28] and two  and inelastic scattering measurements%@ on *He reac-

parameters-Fermi (2pF), Gaussian—Oscillator (GO), Gaugion at 68 MeV/n as well as thorough analysis. At 35.5 MeV,

sian (G) forSLi [29] to produce the best fit for the experi- V. Guimageset al. [48] measured and examined the elastic

mental data. On the other hand, Li-Yuan Efal. [30] con-  scattering cross sections BfC on®3Ni. Measurements and

structed the Cluster folding potential (CFPY#¢fe and®Lito  investigation of the elastic scattering HfC on 27Al were

analyze their elastic scattering data fréfC at various ener- executed by Aguiler@t al. [49] at 29.1 MeV. Yanget al

gies. Hamadat al. [32] analyzed'Li elastic scattering from  [50] performed elastic measurements'‘&€ on2°8Pb at 226

160 in the energy range of 13-50 MeV using the CF poten-and 256 MeV, and Linarest al. at 66 MeV [51]. What is

tial in comparison to DF potential. Another pertinence of thismore, theoretical descriptions of the experimental data were

model is conferred in Refs. [33-35]. As seen above, for dif-reported by authors.

ferent projectiles, a suitable description of the experimental The methodologies used in the calculations are described

data might be produced by employing different combinationgn the next section. Section 3 contains the results and dis-

of densities in addition to appropriate effectN®l potentials. cussions. The summary and conclusions extracted from the
Besides, the breakup threshold anomaly (BTA), a scattereurrent study are presented in Sec. 4.

ing process related phenomenon, has been probed over the

years [36,37]. In the case of weakly bound nuclei, it is char- . .

acterized by an increase of the imaginary potential part ag' Theoretical formalism

the incident energy declines toward; the C°“'°F”b barr_ler €N he available experimental elastic scattering angular distri-
ergy. The energy dependence of optical potentials derived b Utions for thel0C + 4He. 10C + 27A]. 10C + 58Nj and 10C

fitting the elastic scattering data of many systems including,

6lj SHe 7Li 7 8 iacti i
é‘é 4(I)-|e,| Li, Befa;n?]t:?; Emjegtlles lhgshshown ﬂ:;]s t_rend a detailed analysis using different phenomenological, semi-
[38-40). In case of tightly bound nuclei, however, the Imag'microscopic, and microscopic potentials in order to observe

inary potential behavior is reversed, resulting in the WeII"the weak nature of thEC projectile on the elastic scattering
known threshold anomaly (TA) phenomenon. At close Ol yata

sqb-barrier energies the imaginary potential dramatica]ly de- The nuclear potential is a fundamental ingredient in the
Flllzisl szh]ere_lf’(l)s tr:ﬁ :te?rl] p;:;{ﬁg??vz bg#ithfhdergi)g;nnucrgstudy of nuclear reactions. The optical model potential
o X . Y, . . (OMP) is widely adopted to describe the interaction of nu-
of TA at the coulomb barrier. Both the real and imaginary - . .
. : . 7 clear collisions phenomenologically. The utilized central
potentials are nearly energy independent at higher energleSbtential consists of Coulomb part, as well as nuclear part

o phanomenoloical nalyst an e el scataring o 12 and imainary volume e, each of QWS) shape
ferent projectiles: tightly-bound'{Be, 198, 10C, 1B, 12C, For simplicity and its little influence, the spin orbit poten-

160), weakly-bound{Li, 7Li, °Li, 9Be) and exofic{He, *B. ';lci:o(w\/iio)fé?rﬁxcluded. The used central potential has the
1Be) on®8Ni and %4Zn targets at energies close to the bar- g '

rier. Furthermore, Awad and M. Aygun [44] applied dynamic R—Ry\1"
polarization potential (DPP) in order to account for the cou- U(R) =Vc(R) -V [1 + exp ( ﬂ

pling to the breakup channel of the projectil@e scattering v

208pp systems at different energies [47-51] are subjected to

from 4Zn at center of mass energy 24.5 MeV. . —Rw\1*
In this paper, we extend the investigation to the case of the —iWo [1 T exp (awﬂ ’
10C projectile, compare the results to those obtained by oth- .
ers, assess the sensitivity of the result to the projectile density R, = ri(AY%), i=V.W. (1)

used and demonstrate whether BTA is presented in different

implemented potentials on elastic scattering data. Our result§he Vo (R) is the Coulomb potential between two charged

might have implications for future study in the same subjectSPheres representing the projectile and target nuclei, and
10C is a proton rich nucleus with binding energies 4.007,takes the following form:

3.821 and 5.101 MeYV for its three probable decay channels; 7 702

9B +p,®Be + p + p andBe +a , respectively. This nucleus Vg (R) 122

can be regarded to have+ o + p + p configuration because 2Rc

8Be, ?Be and’Be are all unbound systems. Actual§C is 71 Zye?

the only four body nucleus known to possess the Borromean- = " Ro for R>Rc. (2)

like features. Brunnian (Super-Borromean) nucleus [45,46]

is the name given to this type of nuclei. Both experimentalln the semi-microscopic form, the optical nucleus-nucleus

and theoretical nuclear physicists are interested in this exotigotential used in the present work is given by:

configuration. Many reactions involvingC have been thor- DF )

oughly investigated using both experimental and theoretical U(R) = Vo (R) = NgV"" (R) —iWy (R),  (3)
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whereV P (R) is the real DF potential , arld is the renor- ~ whereW,, Ry and ay, are the depth, radius and diffuse-
malization factor for the implemented real microscopic DFness of the potential, respectively, = ry (Ay* + AL/?),
potential which is allowed to be freely changed till the bestwhere, A», Ar are the projectile and target mass number.
agreement between experimental data and theoretical calcu-

lations is reached. The real DF potential is calculated as, 2.1. Nuclear matter density distributions

yPE (R):// op (71) pr (73) v v (S)didrs, (4)  Forthe'®Cnucleus, three different densities distributions are
used. The first one is obtained from the theoretical Dirac-

here pp (1), pr(r2) are the nuclear matter density of the Hartree-Bogoliubov (DHB) model that used in the REGINA
projectile and the target, respectively. Whiteyy (S) is  code [22]. This density yields a root mean square radius of

tﬂ)e effectiveNN interaction between two nucleons, = 2.66 fm. The second density distribution is taken in the semi-
R —71+713 ,andW, (R)is the phenomenological imaginary phenomenological density (SPh) form, where the total matter
potential having a WS shape, density distribution can be taken as,
W,
W (R) = g : ©) p(r) = pa(r) +pp(r). ©
1+ exp {R;V?W}

Both neutrons and protons density distributions can be writ-
| ten in the following expression [2,3],

0

" [expp(lr%m) e ()] "

wherep stands for the protons anmtdfor neutrons; = p, n.
The central densitigs; andy, are determined from the nor- 'Atr= 0, the VMC density distribution differs from the two
malization conditions: other densities, which suggests that there might be a problem
with numeric convergence. The elastic scattering cross sec-
tions of 1°C projectile by four different targets'ide, 27Al,
47T/p" (ryr*dr = N, ®) 55N and 208pp) have been examined. With this goal, we
used the numerical tables of the density distributions gener-
47r/pp (r)yridr = Z, (9)  ated from REGINA code [22] fotHe, 27 Al, 5®Ni and2°%Pb
targets, which yield a root mean square radius (rms) = 2.17,
3.13, 3.78 and 5.64 fm, respectively.

whereN (Z) is the total number of neutrons (protons) in the
nucleus and the other parameters, (a;) can be determined 22 TheNN effective interactions

in detail through Refs. [52,53]. Finally, the third density

distribution form is that deduced using the Argonne v18 two-Based upon the M3Y interactions which is designed to repro-
nucleon and Urbana X three-nucleon potentials (AV18+UX)duce the G-matrix elements for Paris and Reid [7,55] effec-
in a realistic Variational Monte Carlo (VMC) wave function tive NN interactions, CDM3Y®6 version of the M3Y effective
[54]. The radial shape of the considered different types of thé\N interaction is used in addition to the CDM3Y6-RT inter-
density distributions of°C are shown in Fig. 1, in linear and action that recently modified by introducing the RT [20]. The

logarithmic scale. full CDM3Y6 interaction form is defined as [18],
F- = = 10 .
"°C-density 0.1 f C-density
--- VMC oo | X --- VMC
& --—- DHB o F N --=- DHB
i ——SPH £ ieal N ——SPH
= = E -
= g i =\
B4 2
3 N
L e 5 -\
1E5 | %ﬁ% b
1 1 1 1 1 1
a) 4 Ktm) 6 8 10 b) 2 4 r(fm) 6 8 10

FIGURE 1. The densities of°C as a) linear and b) logarithmic scales with errors in the VMC calculations.
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6745 672.55
up(s) = [11062 — - 25385 — | Mev, (11)

and the knock-on exchange part in the infinite-range ex-

change is

6—45

4s

VEL(s) = [— 1524

—2.5s —0.7072s

e
B VS
2.5s 7847 0.7072s

— 5188 MeV  (12)

with the functionF (p) is written as [18,19],
F (p) = 0.2658 [1 + 3.8033exp (—1.41p) — 4.0 p], (13)
while g (E) is the energy dependent factor given as [18],

g(E)=1[1-0.003 (E/A)], (14)

For reproducing the saturation properties of symmetric

nuclear matter (NM) in the standard HF calculation and
to have a reliable density dependent interaction for use
at different energies (the high-momentum part of the HF
single-nucleon potential), the modified CDM3Y6 interaction
(CDM3Y6-RT) with the RT contribution has been carried
out. The density dependence Af(p) obtained from the
exact expression of the RT given as [18]:

AF (p) = 1.5 [exp (—0.833 p) —1], (15)

On the other hand, we use the SPP, where the radial and en-

ergy dependence is written in the following [22],

Vn(R.E) = Vp(R) e 27 | (16)
V(R E) = % [E-Vo(R) - Vy(RE)]. (A7)

whereV is the nuclei’s local relative velocity and C is the
speed of light. The nuclear densities obtained from the
DHB model and the (SPP) are calculated using the REGINA
code [22].

2.3. Cluster folding optical model (CFOM)

According to the appreciabfB + p cluster structure of°C
which appears at energy of 4.007 MeV, it is interesting to an-
alyze the considered system8C +“He, '1°C + 27Al, 1°C +
58Ni, and'°C + 298pPp using real microscopic potential con-

structed based on (CF) procedure. The main ingredients for 4.

generating thé’C + Target {He, 27Al, 58Ni and 2°8Pb) CF

potentials are?B + target and p + target potentials at appro-
priate energies as expressed in Eq. (18)

1
Vo B—Target <R 10 I‘)

9
+ Vp_Target <R + 10r> ‘| ‘X9B—P(r)‘2drv (18)

VOF(R) = /

in addition to the wave functioge_, (r)of the cluster which
describes théB and p relative motion in the ground state of
10C. The?B + p bound state form factor represents3siate

in areal WS potential of radius 1.83 fm and diffuseness of 0.7
fm, the potential depth is allowed to be change till the bind-
ing energy of the cluster (4.007 MeV) is achieved, the param-
eter ISC in the implemented FRESCO code [56] permit such
adjustment. Of course, the same WS potential parameters
for the bound state'{C — B + p) were used in preparing
CFP potential for all the considered systems. While, suitable
VoB_ Target aNAV},_Targes pOtENtIAlS Were prepared and cho-
sen as follow:

1. For'°C +“He system, the considered data i€&’C)
= 680 MeV. So, the required potentials &@ + ‘He

atE = 9/10 x 680 = 612 MeV and p +*He at

E =1/10x 680 = 68 MeV. As there is no experimen-
tal data for the’B + “He channel, théB + “He poten-
tial is prepared using the SPP within the framework of
REGINA code. The inherited density distributions for
10C and“*He in this code were implemented, and the
renormalization factor for the real SPR spp) was
taken by default 1.0. On the other side, the pHe
potential atE = 55 MeV [57] was utilized, as it is the
closest existed data to p*He atE = 68 MeV found in
literature.

. For'0C +27Al system, the considered data it°C)

= 29.1 MeV. Hence, the required potentials 8B+
ZTAlat E = 9/10 x 29.1 = 26.19 MeV and p +*7Al
atE = 1/10 x 29.1 = 2.91 MeV. The?B + 27Al
potential is prepared using the SPP within the frame-
work of REGINA code. ThéNgspp was fixed at 1.0.
While, the p +27Al potential atE =9.1 MeV [58,59]
was utilized (closest existed data to p?%Al at E =
2.91 MeV).

. For'0C +58Ni system, the considered data ig=t°C)

= 35.3 MeV. Consequently, the required potentials are:
B+ %NiatF =9/10 x 35.3 = 31.77 MeV and p +
*Niat £ = 1/10 x 35.3 = 3.53 MeV. Real SPP cre-
ated utilizing REGINA code was implemented for the
9B + 58Ni channel usindqNgspp = 1.0. The p +*8Ni
potential atE = 6.9 MeV [58] was utilized.

For 10C +208pp system, the considered data are at en-
ergiesE(1°C) = 66, 226, and 256 MeV. The most suit-
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TABLE |. The best fit parameters foPC + *He, 2Al and °®Ni systems extracted from the different implemented potentials and densities
combination.

Target/ Density  Potential V, (MeV)/ rv  ay W, rw  aw Jr Jr or X2
Energy type Nr (fm) (fm) (MeV) (fm) (fm) (MeV.fm3) (MeV.fm3) (mb)
4He/68 MeV/n WS 14.81 1.378 0.871 24.14 1.243 0.291 272.29 264.45 796.8 0.49
DHB CDM3Y6 0.81 6.36 1556 1.183 312.68 185.25 1227 6.09
CDM3Y6-RT 0.98 6.44 1516 1.355 317.12 192.59 1307 7.45
DHB SP 1.01 6.33 1.639 0.659 287.63 170.21 1024 2.94
SPh CDM3Y6 0.87 6.24 1.605 0.957 307.12 176.94 1132 3.93
CDM3Y6-RT 1.14 6.36 1563 1.161 315.73 184.96 1220 5.69
VMC CDM3Y6 0.82 6.39 1.584 1.048 303.66 182.34 1176 4.03
CDM3Y6-RT 1.02 6.47 1554 1.182 308.15 187.66 1235 4.99
DHB CF 0.89 6.30 1.631 0.723 289.67 170.86 1043 291
2TAI/29.1 MeV WS 45.0 1.292 0.467 1525 1.466 0.345 216.14 106.32 958.9 17.95
DHB CDM3Y6 0.87 90.04 1.434 0.169 424.30 567.26 835.3 19.49
CDM3Y6-RT 0.87 98.73 1.419 0.168 353.23 602.38 812.1 19.24
DHB SP 1.25 4793 1.403 1.001 535.49 281.5 682.5 17.10
SPh CDM3Y6 0.87 9491 1.391 0.165 381.05 545.7 765.7 19.06
CDM3Y6-RT 0.87 94.37 1.377 0.162 293.92 525.55 737.2 18.67
VMC CDM3Y6 1.10 81.01 1.413 0.129 507.14 486.63 735.3 17.79
CDM3Y6-RT 1.06 67.78 1.403 0.120 395.40 398.58 704.4 17.39
DHB CF 1.00 80.43 1.382 0.125 438.88 452.91 683.9 17.21
58Ni/35.3 MeV WS 48.53 1.530 0.180 10.36 1.483 0.219 275.59 53.59 637.8 27.47
DHB CDM3Y6 0.62 49.00 1.480 0.200 282.76 252 526.8 19.17
CDM3Y6-RT 0.65 49.00 1.480 0.200 240.74 252.71 525.7 18.97
DHB SP 1.15 40.00 1.480 0.200 480.97 205.87 505.8 17.68
SPh CDM3Y6 1.00 49.00 1.480 0.200 514.40 252.71 538.0 20.46
CDM3Y6-RT 1.00 49.00 1.480 0.200 378.86 252.71 531.2 19.48
VMC CDM3Y6 0.95 55.00 1.481 0.220 410.11 283.94 548.1 19.19
CDM3Y6-RT 0.98 58.00 1.481 0.220 332.57 299.43 547.1 18.59
DHB CF 1.00 55.00 1.481 0.220 423.66 283.94 5458 18.71
able potential fo?B + 2°®Pb channel atl = 9/10 x After that, the elastic-scattering differential cross sec-

256 = 230.4 MeV and p +2°8Pb atE = 1/10 x  tions generated by the phenomenological WS potentials
256 = 25.6 MeV. The SPP fo’B + 298Pb channel and the semi-microscopic potentials are calculated by using
atE = 230.4 was created utilizing REGINA code with HIOPTM-94 code [61] and compared with the experimen-
Ngrspp =1.0. The p #°8Pb potential aE = 26.3 MeV  tal data as shown later in Figs. 4-9. The quality of fitting
[58, 60] was utilized in generating th€C + 298Pb  and hence the optimal potential parameters were obtained by
CFP. minimizing they? value which defines the deviation between

The created real CF potential in addition to a phenomeﬂot_axperlmental data and calculations, and defined as follow:

logical WS imaginary potential, the so called the cluster fold- N )
ing optical model (CFOM), was applied to fit the considered 5 1 >y (U(ez‘)ca1 - U(@‘)“") (20)
data. Within the framework of CFOM, the following poten- = Ao (6;) '

tial form Eq. (L9) was adopted, whef€y, is the renormaliza-
tion factor for the real CF potential.

i=1

The o(0;)*® and o (6;)°* are the experimental and calcu-

U(R)=Ve(R) — NRVEF (R) lated differential cross sectiondo(6;)is the relative uncer-
. tainty in experimental data.
—iW, {1 + exp (7’_RW> ] ) (19) For semi-microscopic analysis, searches are carried out
aw on four parameters, the real renormalization fadtby, in
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FIGURE 2. The obtained real microscopic potential f8C + 2°®Pb atE = 256 MeV using CDM3Y®6 interaction with (upper panel) and
without rearrangement term (RT) (lower panel) utilizing three different densities; SPh, VMC and DHBCf@s well as the CF and SP
interaction potentials with DHB density.

TABLE Il. TSame as Table 1 but foPC +2°%Pb system.

Target/ Density Potential  Y(MeV)/ rv av W, rw aw Jr Jr OR X’
Energy type Ng (fm) (fm) (MeV) (fm) (fm) (MeV.fm3) (MeV.fm3®) (mb)

208ph/66 MeV WS 44.19 1.473 0.251 12.19 1.604 0.139 150.79 53.48 793.20 2.62

DHB CDM3Y6 0.77 59.74 1520 0.225 334.21 223.72 763.6 3.45

CDM3Y6-RT 0.78 48.25 1.520 0.222 272.04 180.56 7425 3.32

DHB SP 1.17 13.390 1.579 0.149 473.68 56.11 739.9 2.75

SPh CDM3Y6 0.88 46.09 1.511 0.221 344.66 169.38 7179 3.39

CDM3Y6-RT 0.89 35.77 1.508 0.217 257.63 130.77 688.3 3.27

VMC CDM3Y6 0.71 55.98 1.484 0.281 282.03 195.22 7145 2.56

CDM3Y6-RT 0.73 55.83 1.483 0.281 211.96 194.56 714.4 2.55

DHB CF 0.88 68.26 1.480 0.258 309.20 236.14 703.9 2.96
208pp/226 MeV WS 233.04 0.797 1.061 10.18 1.419 0.246  158.83 31.06 3133 0.94

DHB CDM3Y6 0.52 51.03 1.342 0.226 203.38 131.67 3023 0.98

CDM3Y6-RT 0.52 51.03 1.337 0.262 164.31 130.34 3070 0.99

DHB SP 1.04 51.02 1.333 0.278 381.15 129.33 3091 1.00

SPh CDM3Y6 0.63 51.18 1.341 0.188 225.99 131.51 2938 0.94

CDM3Y6-RT 0.67 51.17 1.343 0.209 174.69 132.09 2986 0.94

VMC CDM3Y6 1.15 50.96 1.262 0.513 405.16 111.50 3273 1.08

CDM3Y6-RT 1.15 50.96 1.254 0.539 311.68 109.81 3296 1.10

DHB CF 0.89 51.10 1.351 0.170 315.89 134.09 2952 0.95
208pp/256 MeV WS 307.37 0.743 0.895 5.49 1.474 0.176 163.49 18.75 3264 0.67

DHB CDM3Y6 0.48 112.19 1.304 0.202 184.71 265.32 3001 1.66

CDM3Y6-RT 0.49 112.19 1.298 0.222 152.76 261.56 3020 1.66

DHB SP 0.99 116.39 1.299 0.221  356.13 272.01 3035 1.58

SPh CDM3Y6 0.48 112.19 1.245 0.315 168.05 232.18 3006 1.56

CDM3Y6-RT 0.48 112.19 1.210 0.365 122.43 21413 2970 1.41

VMC CDM3Y6 0.96 112.19 1.172 0.476 332.02 196.48 3098 1.22

CDM3Y6-RT 0.96 112.19 1.150 0.518 254.07 187.01 3108 1.15

DHB CF 0.87 112.19 1.337 0.124 307.44 285.32 2954 1.77
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addition to the three imaginary WS parameters for each cadeurthermore, the CDM3Y6/RT + SPh potentials have the
and are listed in Tables | and Il. Moreover, the searched sishallowest potentials depth and the SPP + DHB potential has
WS parameters for real and imaginary potentials within phethe deepest. Mainly, these behaviors are repeated for all the
nomenological analysis are included in the same tables alonigvestigated systems at different energies.
with the values of the volume integrals per pair of interact- The semi-microscopic potential of Eq. (3) is used to
ing nucleons for the reallg) and imaginary partsl(), re- calculate the impact of the density distribution in conjunc-
spectively, the absorption reaction cross-sectigf)(and the  tion with the consideredNN effective interactions. The
best-fitx? values. In the succeeding section, we represent geal part of the potential is calculated using the CDM3Y6
detailed discussion for the current outcomes. and CDM3Y6-RT effectivéNN interactions folded with SPh,
DHB and VMC densities, as well as SP and CFP folded with
DHB density within REGINA code [22]. Hence, eight mi-
3. Results and discussions croscopic real potentials are obtained according to the differ-
ent (interaction potential + densities) combinations, namely,
Semi-microscopic investigation of the elastic scattering anCDM3Y6 + DHB, CDM3Y6-RT + DHB, SPP + DHB,
gular distributions of °C projectile on*He, 27Al, 8Niand  CDM3Y6 + SPh, CDM3Y6-RT + SPh, CDM3Y6 + VMC,
208pp targets at various energies was carried out using threeDM3Y6-RT + VMC, and CFP + DHB, which are imple-
distinct density distributions df' C labeled as SPh, DHB and mented in the calculations. This folding technique is distin-
VMC. The radial shape of the three density distributions un-guished by an adjustable parametgy, which is the renor-
der consideration is depicted in Fig. 1, in linear and logarith-malization factor for the implemented real microscopic DF
mic scale. These densities are distinguished by a prolongeabtential. This factor is allowed to be freely changed till
tail, which represents the unusual naturé%@. However the  the best agreement between experimental data and theoret-
SPh has the greatest value in the center and the longest tail @sl calculations is reached through minimizing the val-
the radius increases when compared to the others. ues. The created real microscopic potentials are then mul-
Figure 2 represents the different calculated potentials ofiplied by theNg factor, hence increasing or decreasing the
10C + 208pp gsystem aE;,;, = 256 MeV. Moreover, the gen- prepared potentials’ strength. Then, and by using an appro-
erated real CF potentials for the considered systefts:+  priate search code such as SFRESCO [56] and HIOPTM-94
4He, 19C + 27Al, 10C +58Nj and 1°C + 208pph are shown in  [61], we could get the optimallr value. Of course, as the
Fig. 3. As shown in Fig. 2 (upper panel), the real foldedvalue of this factor Nz) is close to unity, it means that the
potentials employing the CDM3Y6-RT interaction + SPh, used potential is non-renormalized.
DHB, and VMC densities exhibit comparable behavior and  The value ofNg is set to unity by default. The varia-
considerable variances in depth values in comparison to théon from this number, however, might be attributed to the
SPP and CFP + DHB potentials. This is due to the differenc@mbiguities or peculiarities in experimental data or the fitting
in the direct and exchange terms of real potentials in presendgrocess of theoretical calculations. In addition tokhg the
of the RT term. However, as demonstrated in Fig. 2 (lowepotential parameters which characterize the imaginary parts
panel), there are minor variations when CDM3Y6 interaction

is used in conjunction with SPP and CFP + DHB potentials. 10* ————————————
(*C+'He at 68 MeV/n) ® expdata
3 —Wws
DHB-CDM3Y6
—-— Sph-CDM3Y6 3
= VMC-CDM3Y6 2
o " S S S  NSy e DHB-CDM3Y6RT ]
Sph-CDM3Y6RT 1
- VMC-CDM3Y6RT i
= — - -DHB-SP E
566 -g - - DHB-CF
g )
[) [==]
s = i
= o ¢ é
-300 - ——"°C+™®Pb Real CF pot. F Ty,
——"C+®Ni Real CF pot. i e
——"°C+* Al Real CF pot. 10° L
-400 ——"C+*He Real CF pot. 3
500 ) ! ! ) i ) i ! i 10’ . 1 . . 2 L 2 1 . 1 a . .
0 ) . o o 0 12 " 2 4 6 8 10 12 14 16
R, (fm) 0. m(degree)
FIGURE 3. The prepared real CF potentials f§iC + “He, 1°C + FIGURE 4. Comparison between the experimental angular distri-
271, 10C + %8Ni and 1°C+?°®Pb implemented in CFOM calcula-  butions for!°C elastically scattered otHe atFj., = 68 MeV/n
tions. and the theoretical OM calculations.
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18 —— 16—
[ (°C+"Al at29.1 MeV) o oxpdata 1 L[ ("c+"PD at 66 MeV) * =
4 S - 4L
h DHB-CDM3Y6 DHB-CDM3Y6
I —.— Sph-CDM3Y6 T r —-= Sph-CDM3Y6
12 | —  VMC-CDM3Y6 | 12 | —  VMC-CDM3Y6
...... DHB-CDM3Y6RT sesese DHB-CDM3YBRT
[ Sph-CDM3Y6RT | Sph-CDM3Y6RT 1
z 10 VMC-CDM3Y6RT | e 10 VMC-CDM3Y6RT S
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= - - DHB-CF = - - DHB-CF
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04 0.4 5
L s
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- > - e
0.0 , | ) i . \ , *®e 0.0 PR U R S R SR
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FIGURE 7. Same as Fig. 4 but fol’C elastically scattered on
FIGURE 5. Same as Fig. 4 but fdPC elastically scattered oAl 208ph atEq, = 66 MeV.
at Fjqp = 29.1 MeV.

1.6 . . . . . 5 .
® exp.data
—— (°c+*°Pb at 226 MeV)  ——ys
S ® expdata J Lad DHB-CDM3Y6
E ( C+ Niat 35.3 MeV) —WS E 3 == Sph-CDM3Y6
t DHB-CDM3Y6 ] 12 | N —  VMC-CDM3Y6
L —-=—sphcomsys 4 [ e R ... DHB-CDM3Y6RT
L = VMC-CDM3Y6 i Sph-CDM3Y6RT |
[ — DHB-CDM3Y6-RT | 1.0 foa VMC-CDM3Y6RT
Sph-CDM3Y6-RT ~ I — - - DHB-SP
Y — VMC-CDM3Y6-RT | b 5.6 - - DHBCF
~ 3 ° — - - DHB-SP ] b °r
b b - - DHB-CF ] L
b L 1 0.6 | e
I 04 | ii E
01 | ) I 1
: ] 02} }LL\’_
3 1 0.0 - E
2 L 1 " 1 L 1 L
5 10 15 20 25
0.01 PR R U I N S R TR R
20 40 60 80 100 120 140 160 0¢ m(degree)
¢ m(degree) FIGURE 8. Same as Fig. 4 but fol°C elastically scattered on

208pp atF., = 226 MeV.
FIGURE 6. Same as Fig. 4 but fdf C elastically scattered otiNi
at B, = 35.3 MeV. Tables | and Il show the values obtained for each reaction.
Furthermore, phenomenological analysis was performed on
of the OP Wy, rw, aw), as expressed in Egs. (3) and (18), the same set of reactions, with the phenomenological WS
are allowed to change till the best fit to data is achieved. Adorm being used for both real and imaginary OP portions.
demonstrated in Figs. 4-9, the free parameters are chang@&the free parameters are varied to provide findings that are in
to yield findings that are in good agreement with the experi-excellent agreement with the experimental data. The angular
mental data. However, we attempted to achieve the best fit idistributions predictions are provided in the same Figs. 4-9
the forward region at an angle between9285°) as shown for the sake of comparison, and the obtained parameters are
in Fig. 5, and this is reflected in an overestimation of the datalso documented in Tables | and 1.
in the tail at an angle between (6585°) and a lower chi- Tables | and Il demonstrate that the findings are highly
squared value rather than an underestimation as in Aguilersensitive to the extracteNr value which ranges between
et al, [49] Thus, chi squared =17.1 is obtained ushg = 0.48 and 1.25. In general, th¢r values of CDM3Y6/RT
1.25 and the fitted WS parameters in our work, whereas chi DHB are lower than those of other combinations. This is
squared =24.7 is obtained usiNg = 1 and the WS parame- consistent with the reported results for the neutron-Hdti
ters of Aguileraet al projectile nucleus (givenin Tables IV and V) in Ref. [29].
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v T ' T ¥ T Y T % T i T ¥ 3 100
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FIGURE 10. Reduced reaction cross section for several projectiles
8c.m(degree) on (*He27Al, 58Ni and 2°*Pb ) targets [21,39,40,49,51,63,65,67-
72]. The general trend of {C + “He, 27Al, 58Ni and 2°®Pb) sys-

tems is represented by the dashed line of indicated logarithmic for-
mula. For the systems indicated by asterisk symbol (*), the reaction
Furthermore, the outcomes of SPP + DHB and CDM3Y 6/RTcross section is obtained in the present work.

+ VMC achieved withNp ~ 1 in case of considered high . . )
energies (680, 256, 226 and 66 MeV) aNg =1 for CFP Tables | and Il also prowde the reaction cross segtlon
+ DHB in case of low energies (29.1 and 35.3 MeV). In (7r) values for all potentials used. The; values of semi-
other words, these data is described using a non-renormaliz&RiCroscopic potentials are observed to be in agreement with
(N =1) real folded potential, which consequently gives an€ach other for each reaction at associated energy. Whereas,

evidence for the success of the used microscopic real poteM.ith the exception of thé’C + “He system, greater val-

tials. ues are obtained from phenomenological WS potentials in
As demonstrated in Figs. 4-9, all of the computed op<£omparison with those obtained from semi-microscopic po-

with free one real parametéty in éddition to three imag- tentials. This result is agreeable with that gained by authors

inary WS free parameters generated almost identical bef Ref. [44]. For comparison with literature, tig; values

10 208 P
haviour to experimental data for each reaction at correspondl C * = Pb reaction at 66 MeV as 793.2, and 703.9 mb

ing energy. In terms of°C densities distributions sensitiv- [0 WS and CF potentials are agreeable with 753, 699 mb for

ity, it is obvious that theNy and W, parameters may com- WS and coupled potentials (féfC cluster form a$B + p)
pensate for any of them. Again, thé/N values of*He at calculations [51], respectively. Also, the extractegvalues
680 MeV and?®Pb at 226 and 256 MeV (far over the bar- of the same reaction at 226 and 256 MeV are 3360, 3352,

rier) are considerably less than those at lower energies (clos#09: 3178 mb for WS and SP potentials, severally, close to
to the barrier), indicating strong agreement between the estf'0Se reported in Ref. [S0] by usm?OWSQ;omd 558'3 potentials.
mated scattering cross sections and experimental data. As a?Mewhat, the deduced; values for "C+*"Al, **Ni reac-

upshot, discrepancy between theory and experiment is fourfiPns are different with respect to the published data [63,65].
for 27Al, 38Ni and 298Pb at energies 29.1, 35.3 and 66 MeV This could originate from the unlike models used in analysis.

(close to the barrier), respectively, especially at large angles A commonly utilized reduction approach [66] was em-
associated by high?/N values. In this context, the same ob- ployed to clarify the comparison of total reaction cross sec-

servations have been reported in Refs. [47-51,62,63]. Thtons for the systems under cons2|derat|on. The cross sec-
neglect of transferring nucleon from projectile to the tar-tion is scaled a&R/(A}D/B + AlT/B) and energy is scaled

get during the breakdown process might be the cause of trmsEc,m(A}D/?’ + AlT/?’)/(ZPZT ). The symbols? andT re-
discrepancy, as stated in Ref. [28,64] ftB+°3Ni at en-  fer to projectile and target respectivety; denotes the total
ergy range 20.7-29.3 MeV. It is worth mentioning that all reaction cross section, Z denotes the charge, and A denotes
the considered systems are reanalyzed at energies well abode masses of the involved nuclei. The typical geometrical
the Coulomb barrier. The interaction dynamics may greatlyand charge differences between reaction systems were there-
differ as the bombarding energies become close to and béere suitably reduced while the dynamical effects of interest
low the Coulomb barrier. Our forthcoming work will dis- were not washed out. The variance in reduced reaction cross
cuss the peculiarities of interaction at lower energies (clossections(o ) derived in this study from different potentials

to the Coulomb barrier energy) as well as observe the transalculations at different reduced energigs, ., ) for the '°C

fer, breakup, and other mechanisms which could affect the “He, 2" Al, 58Ni and2°3Pb systems, as well as comparisons
reaction channels. with previously published values in the literature, is shown in

FIGURE 9. Same as Fig. 4 but fol°C elastically scattered on
208pp atE) ., = 256 MeV.
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values of thelg increase and; decrease as energy increases
100 } . - for the same systems analyzed using the phenomenological
B e g . WS potentials.
e ‘ﬁ’-g_i
'y
7 o O 12C+58Ni .
2 k. 8 12csz08eb 4. Conclusion
é é B 11Bes+208Pb
= 10(0){:‘\”‘)
g F 7§ z :%Z;éﬁ‘.[-) The 1°C + 4He, 1°C + 27Al, 1°C + 58Ni and 1°C + 208pp
o $  l0ca0nebi) angular distributions in the energy range 29.1-256 MeV are
o X BBIITAI investigated utilizing different approaches. The OM analy-
' X  8B+5S8NI . . . . .
s x 884208b sis using nuclear potential consisting of two parts — real and
i 2 Faes imaginary volume terms each of WS shape was successful in
B 5 5 : = = reproducing the considered data. Then the concerned data
Era (MeV) is analyzed using different microscopic real potential cre-

FIGURE 11. Same as Fig. 10 but the dashed line is to guide theated based on CDM3Y6 and CDM3Y6-RT interactions as
eye for clarifying the general behavior for all systems. Note that, well as SP and CF potentials in addition to an imaginary part
ignoring the data fof°C + *He system is due to the lack of other taken as a WS form. The different four interaction potentials,
data for comparability at low energies. namely, CDM3Y6, CDM3Y6-RT, SPP, and CFP combined

_ _ . with three different'°C densities, namely, SPh, DHB and
Fig. 10. The results for various potentials are close to eackyyic, forming eight different combinations of interaction
other and correspond well with previously published Valueﬁaotential + density, namely, COM3Y6 + DHB, CDM3Y6-RT
[21,49,51,63,65]. The energy dependency on reaction crosspHg spp + DHB, CDM3Y6 + SPh, CDM3Y6-RT + SPh,
sections is depicted in the figure by the trend line of a logatppm3Y6 + VMC, CDM3Y6-RT + VMC, and CEP + DHB
rithmic formula: oreg = 16.249In(Ereq) + 19.164 MeV.  approaches. The eight adopted combinations of potentials
Furthermore, the findings presented in Fig. 11 incorporatgjye equally good fitting for the considered data. In terms
systems of various light projectiles on the same regarded tagt renormalization factors for the different combinations, the
gets as those used in the current work. bfievalues were  ayerage extracted renormalization factors from the analy-
derived from references [39,40,67-72]. At energies close Qs of the considered systems are: @:68L6, 0.72-0.19,
the barrier, lighter mass projectiles have a mass dependeft; | 1 0.79-0.19, 0.84-0.23, 0.95-0.17, 0.98-0.14, and
cross section. To rationalize this conclusion, systems wity 9210 06 for the approaches CDM3Y6 + DHB, CDM3Y6-
exotic nuclei {'Be and®B) are expected to have a greater g1 + pHB. SPP + DHB. CDM3Y6 + SPh. CDM3Y6-RT +
breakup likelihood than weakly and tightly bound nucl&¢ SPh, CDM,3Y6 +VMC, éDM3Y6-RT + VMC, CFP + DHB,
and®~'2C) at energies around the barrier, resulting in greatefegpectively. The performed analysis using SPP + DHB,
reaction cross sections. This is ascribable to the difference ipp\v3y6 + VMC, CDM3Y6-RT + VMC and CFP + DHB
their binding energies. At energies above the barriergthe approaches are the best, as the extrabtedalues are very
for systems involve®, "Be, °~'*C) are almost identical. (jose to 1. While, the performed analysis using CDM3Y6 +
However, theo .4 for the nucleus!Be are obviously larger DHB, CDM3Y6-RT + DHB, CDM3Y6 + SPh, CDM3Y6-RT
than other nuclei at the same conditions. As a resll¢ | Sph approaches require a reduction in potential strength by
(neutron halo) has a significant contribution to other chan-_, 3594 2804 219%, and 16%, respectively. The behavior of
nels thanB (proton halo) at such considered high incidentenergy dependence on reaction cross sections is studied and
energies as mentioned in Ref. [68]. This general trend ig agrees well with neighboring systems.
similar to that prevailed in Refs. [51,68,73].

Itis also worth noting that the real volume integrajsof

the resulting potentials are affected by the density distribuAcknowledgement
tions under considerations as are the imaginary volume inte-
gralsJ;. Unfortunately, this analysis of the four investigated Awad Ibraheem extend his appreciation to the Deanship of
systems at different energies does not show a comprehensibkeientific Research at King Khalid University for funding
performance concerning thl; andJ; variation as a func- this work through research groups program under grant num-
tion of incident energy or target mass number. Merely, it isber R.G.P.2/102/143 .Sh. Hamada is funded by a full post-
marked that thelr values decrease as energy increases fofloctoral scholarship from the Ministry of Higher Education
the systems includ&®Pb target nucleus. On contrary, the Of the Arab Republic of Egypt.
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